The Drosophila wing is covered by an array of distally pointing hairs. This tissue planar polarity is regulated by the frizzled pathway. We have found that the function of the grainy head transcription factor is essential for the function of the frizzled pathway. grainy head mutant cells fail to localize planar polarity proteins at either the proximal or distal sides of wing cells and produce multiple hairs of abnormal polarity. Levels of the Starry night protein are strongly reduced in grainy head mutants in both larval wing discs and pupal wings, which is sufficient to account for much of the polarity phenotype. In addition, we found that grh has frizzled pathway independent functions during the development of the adult cuticle. q
Introduction
The adult cuticle of Drosphila has served as a key model system for studying how epidermal cells are polarized in the plane of epithelium (Adler and Lee, 2001; Adler, 2002; . This planar polarity is under the control of the frizzled ( fz) pathway, which regulates the differentiation of a variety of cuticular structures including hairs, bristles, arista laterals and ommatidia. The activity of the fz pathway leads to the preferential accumulation of Fz and Dshevelled (Dsh) at the distal side of wing cells (Axelrod, 2001; Shimada et al., 2001; Strutt, 2001) , the preferential accumulation of Prickle (Pk)/Spiny legs (Sple) and Van Gogh (Vang) (Vang is also known as strabismus) at the proximal side (Bastock et al., 2003; Tree et al., 2002) and the accumulation of Starry night (Stan) (stan is also known as flamingo) on both sides of wing cells . The function of each of the genes that encode these proteins is required for the polarized accumulation of all of the others. These proximal/distal cortical marks are thought to result in the cytoskeleton being activated so that hairs form at the distal most region of the cell and point distally (Wong and Adler, 1993) . Mutations in fz and several other tissue polarity genes result in a failure of localized protein accumulation (Axelrod, 2001; Bastock et al., 2003; Strutt, 2001; Tree et al., 2002; Usui et al., 1999) and in the failure to restrict hair initiation to the distal edge of the cell. In addition to altering polarity mutations in fz pathway genes also result in some cells forming more than one hair (Wong and Adler, 1993 ). This appears to be due to the region competent for hair initiation becoming too large to insure a single hair forming. The fz pathway also functions in other tissues and cell types. It regulates the orientation of the mitotic spindle in the PI cell, which gives rise to all of the cells of the bristle sense organ (Gho and Schweisguth, 1998; Lu et al., 1999) . In mutants this leads to an altered spatial arrangement of the cells of the sense organ and altered polarity. The polarity of ommatidia is a consequence of the arrangement of photoreceptor cells and the direction of rotation of the ommatidial unit Zheng et al., 1995) . The key step is the assignment of the R3 cell fate to the member of the R3/R4 cell pair that is closest to the equator. This involves the activation of Fz in R3 and the activation of Notch signal transduction in R4 (Cooper and Bray, 1999; Fanto and Mlodzik, 1999; . Mutations in fz pathway genes result in altered ommatidial chirality and rotation. The fz pathway also regulates the subcellular location for arista lateral morphogenesis (He and Adler, 2002a) . Here mutations do not result in altered lateral polarity but mutations in genes thought to be downstream components of the fz pathway lead to multiple laterals forming.
Most mutations in fz pathway genes isolated in classic Drosophila screens are simple recessive loss of function mutations. However, since the pathway is sensitive to the doses of different gene products it has also proved possible to generate gain of function mutations by engineering the overexpression of these genes (Axelrod, 2001; Gubb et al., 1999; Krasnow and Adler, 1994; Usui et al., 1999) . In addition, a number of these genes (e.g. pk, Vang) show a weak haplo-insufficiency phenotype (Adler et al., 2000a; Gubb et al., 1999; Taylor et al., 1998) . We therefore screened the Drosophila Df collection to identify candidate genetic regions that might encode additional members of the fz pathway. In such a screen we identified a number of intervals where a Df resulted in a weak tissue polarity phenotype on the wing. The analysis of one such region led us to identify grainy head (grh) as being essential for the development of normal wing hair polarity. This locus, which encodes a transcription factor, was identified years ago by several different groups on the basis of its embryonic mutant phenotype and by its ability to bind to cis acting regulatory regions in interesting target genes (Bray et al., 1989; Bray and Kafatos, 1991; Dynlacht et al., 1989; Hayashi et al., 1999; Huang et al., 1995; Liaw et al., 1995; Nusslein-Volhard et al., 1984; Uv et al., 1994) . We report here that grh mutations produce tissue polarity phenotypes on the wing, abdomen, thorax and eye. Our data shows that grh is required for the preferential localization of Fz and Dsh proteins along the distal sides of wing cells, the preferential localization of Vang along the proximal sides of wing cells and for the normal expression of the Starry Night protein. In addition, we determined that grh also has fz pathway independent functions in wing and wing hair development.
Results

Identification of grh as a tissue polarity gene
We identified 29 stocks in the Bloomington Df kit that produced a wing hair polarity or morphology phenotype. In general these phenotypes were very weak (e.g. a couple of multiple hair cells per wing). Two of the Df's removed the known haplo-insufficient genes pk (Adler et al., 2000a; Gubb et al., 1999) and koj (He, 2001 ) (the Vang gene, which is also haplo-insufficient (Taylor et al., 1998) was not represented in the Df kit at the time the screen was run). We screened existing P insertions located in several of these regions by crossing the individual P insertion stocks to Oregon R and then irradiating the resulting larvae to induce mitotic crossing over. In this way we found that a stock carrying a grh mutation (grh 06850 ) produced clones with a strong multiple hair cell phenotype. The recessive lethal mutation and wing phenotypes reverted in the presence of a source of transposase indicating that the P insertion into grh was the cause of both phenotypes. We examined several additional grh alleles and found that all produced the strong multiple hair cell phenotype.
The grh wing phenotype
In the wing grh clones resulted in cells that formed two or more hairs and on occasion we also saw evidence of altered polarity (Fig. 1C) . The hairs were often closely clustered and more erect than wild type. To determine if grh acted cell autonomously or non-autonomously we generated marked clones using the hair and bristle maker pwn. The fine hairs produced by pwn mutants are easily identified, which allowed us to determine if grh cells influenced the differentiation of neighboring non-clone cells. A majority (13/21) of pwn grh clones showed signs of weak domineering nonautonomy consisting of a small number of multiple hair cells and/or hairs of abnormal polarity ( Fig. 2A) . The area of wild type cells whose polarity was affected by clones averaged approximately 5% of the size of the clone. This is more than an order of magnitude weaker than the domineering nonautonomy of fz or Vang (Adler et al., 2000a) . The magnitude of the non-autonomy is reminiscent of that seen for pk or stan (Adler et al., 2000a; Chae et al., 1999) although a substantially larger fraction of grh clones showed evidence for domineering nonautonomy (e.g. only about 10-15% of stan clones show domineering nonautonomy). The domineering nonautonomy of grh clones was usually seen proximal to the clone.
We also examined pupal wing clones marked by the loss of GFP expression ( Fig. 2B -E ). We observed a strong multiple hair cell phenotype and consistent with other observations the phenotype tended to be stronger in larger clones. In some clones not all cells produced multiple hairs. As was the case for clones in adult wings we also saw evidence for weak domineering nonautonomy in some pupal wing clones. In addition, we saw an apparent delay in hair development in many grh clones ( Fig. 2B -E) . For example, in one experiment 27 of 41 grh IM clones showed a dramatic delay in hair morphogenesis (i.e. at least one cell within the clone had not formed a hair while surrounding non-clone cells all had well formed hairs), 12/41 showed a modest delay (one or more hairs within the clone was substantially shorter than all surrounding wild type cells) and only 2/41 showed no evidence of delay. The overall wing hair phenotype did not faithfully mimic that of any fz pathway mutation previously described.
A delay in hair morphogenesis has not been reported for mutations in fz pathway genes in any of the many studies that have examined mutant clones in pupal wings (see for example (Adler et al., 1997; Axelrod, 2001; Shimada et al., 2001; Strutt, 2001; Tree et al., 2002; Usui et al., 1999) .
To insure that this had not simply been overlooked we examined fz P21 mutant clones for for effects on the timing of hair morphogenesis. In none of the 26 clones examined did we see evidence for a strong delay in hair development and in only 3 of 26 did we see evidence for a slight delay. We also examined 13 pupal wing clones of stan 21 (Chae et al., 1999) . Twelve clones showed no delay and only one showed a hint of a mild delay. Taken together these data argue the delay in hair morphogenesis seen in grh clones is unlikely to be soley due to grh inactivating the fz pathway. Rather, grh appears to have an independent function in regulating the timing of wing cell differentiation. (arrow) and that the hairs are more erect than normal. Panel D shows a grh clone in an inturned mutant wing (the arrow points to clone cells). Note the distinctive grh hair phenotype is still obvious. The abnormal posterior polarity of the cells in this region (E cell) is typical for a loss of fz pathway function and this is not altered by being mutant for grh. Panel E sows a grh clone in a mwh wing (the arrow points to clone cells). Note the grh hair phenotype is still obvious. In addition to the wing hair phenotype several other phenotypes were seen. Most (19/21) wings with pwn grh clones showed ectopic wing veins (Fig. 1B) . There was often a disruption of the pattern of marginal bristles (Fig.  1A) and occasionally polyploid cells (Adler et al., 2000b) . Large clones also resulted in bulges of the wing in the region of the clone.
Phenotypes in other body regions
We examined both unmarked and pwn marked grh clones in the adult abdomen. These clones were easily visible in the tergites due to their reduced pigmentation and/or multiple hair phenotypes (Fig. 3D ). The reduced pigmentation was most obvious in regions that are darkly pigmented but it could also be seen elsewhere. In addition to the reduced pigmentation the clone cells often showed a strong multiple hair cell phenotype. This was true in regions where in wild type the abdominal cells produce several hairs (particularly in regions a2 -a6 of the anterior compartment of abdominal segments 2-4) (Kopp and Duncan, 1997; Lawrence et al., 1999) . In abdominal regions that normally produce few hairs (e.g. abdominal segment 5) we did not see a strong multiple hair cell phenotype and indeed in some cases there appeared to be a loss of hairs. In regions where cells are normally bald (e.g. abdominal segment 6) clone cells produced no hairs. Occasionally a modest hair polarity phenotype was seen. We also examined grh clones marked by the loss of GFP in pupal abdomens ( Fig. 3A -C) and obtained similar results.
Unmarked grh clones on the notum could be recognized by their reduced pigmentation (Fig. 3E ). This was also seen in clones marked by pwn. The hair phenotypes of grh notum clones varied from an increased number of hairs to a loss of hairs. The nature of the phenotype was correlated with the location of the clone. Lateral clones usually displayed a multiple hair cell phenotype, while medial clones often, but not invariably had a reduced number of hairs.
Flies carrying unmarked grh clones had rough spots on their eye. We carried out observations of whole mounts of eyes where we neutralized the cornea with water (Pichaud and Desplan, 2001 ) and were able to determine that the rough eye phenotype was associated with ommatidia that showed incorrect chirality, incorrect rotation and an abnormal number of photoreceptor cells (Fig. 3F,G) . These alterations are typical of those seen in fz pathway mutations (Strutt and Strutt, 1999) .
grh interacts with a number of fz pathway genes
In an independent screen we isolated a grh allele (grh FK2131 ) that displayed a weak dominant phenotype. The mutation is on a chromosome with a breakpoint in the cytological vicinity of grh, but we failed to identify any RFLPs by genomic Southern blot analysis. Hence it is likely that the rearrangement and the dominant grh mutation are independent.We conclude that this mutation is an allele of grh because it fails to complement the recessive lethality of typical recessive grh mutations and the dead embryos showed the unusual and stereotypic grh head skeleton defect (Bray and Kafatos, 1991) . In addition the dominant phenotypes produced by this mutation are weak versions of the phenotypes seen in grh clones on the wing, abdomen and eye. On the wing this allele produced occasional multiple hair cells, occasional small patches of hairs of abnormal polarity (Fig. 4) , ectopic segments of wing veins and a disruption of the anterior triple row of bristles (missing bristles, shorter bristles etc.).
The phenotype of grh clones suggested that it might be a component of the fz planar polarity pathway. In an initial set of experiments we looked for genetic interactions with the weak dominant negative allele grh FK2131 . We found strong interactions with several fz pathway genes. In all of these cases the interaction resulted in abnormal polarity over a much larger fraction of the wing than was seen with either single mutant. The hypomorphic fz R53 allele only disrupts hair polarity over a small fraction of the wing . We found that grh FK2131 was a strong enhancer of this phenotype as grh FK2131 /þ ; fz R53 flies showed polarity disruptions over much of the wing (Fig. 4) . We also saw an enhancement of the weak dominant phenotype associated with strong loss of function mutations in Vang (Fig. 4 ) (Taylor et al., 1998) . Additional interactions were seen with dominant negative alleles of pk (data not shown) and stan (Fig. 4) . Weak interactions were also seen with a recessive hypomorphic allele of stan (Chae et al., 1999) . As noted below grh mutations result in reduced Stan protein accumulation so it is interesting that we have seen simiar interactions between a dominant negative allele of stan and the same alleles of pk and fz (data not shown). The many genotypes that did not show an interaction (or only a hint of an interaction) are noted in the methods. These interactions suggested that grh was important in some way for the function of the fz pathway.
To further probe the nature of the interaction between grh and the fz pathway we carried out epistasis experiments. Since grh is a recessive lethal mutation we could not examine doubly mutant adults. Instead we made doubly mutant cells by inducing grh clones in a fz, in or mwh mutant background. In each of these cases the distinctive erect multiple hair cell phenotype of grh was obvious in induced clones (Fig. 1D,E) . In the case of grh; mwh cells the multiple hair cell phenotype appeared somewhat stronger than in either single mutant suggesting additivity. Thus, for the erect and clustered multiple hair cell phenotype grh does not require a functional fz pathway. Mutations in fz, in or mwh also did not alter the ability of grh clones to cause the formation of ectopic wing veins, disruption of the marginal bristle rows or loss of pigmentation in abdominal and thoracic clones. Thus, grh function is independent of the fz pathway for these phenotypes.
grh function is required for the function of the fz pathway
The earliest sign of the polarization of wing cells is the preferential accumulation of tissue polarity proteins along either the distal and/or proximal side of the cell (Axelrod, 2001; Shimada et al., 2001; Strutt, 2001; Tree et al., 2002; Usui et al., 1999) . To test if grh might be functioning upstream of this step in the development of wing tissue polarity we examined grh clones in pupal wings expressing fz-GFP. The Fz-GFP protein produced from this transgene is a faithful reporter for the distal accumulation of the Fz protein (Strutt, 2001 ). In our initial experiment we did not mark the grh clone. Instead we stained the actin cytoskeleton and relied on our previous observation that grh acted largely cell autonomously. We found many clones with the grh hair phenotype and in all of these the distinctive zig-zag pattern of fz accumulation was disrupted (Fig. 5) . Indeed we did not see apical Fz in these cells. In no case did we see a disruption of the Fz zig -zag pattern in regions where hair morphology was normal. As was described above, in many clones hair morphogenesis appeared delayed in at least some clone cells. The conclusion from this experiment was confirmed when we examined grh clones marked by the loss of a Myc epitope tag. We found that the disruption of the Fz zig zag pattern was largely cell autonomous. We saw examples of wild type cells bordering clones that did not show asymmetric accumulation of Fz and as well wild type cells where Fz asymmetry or accumulation appeared enhanced. We did not see disruptions in Fz accumulation spread substantially beyond bordering cells.
To insure that the disruption of the Fz-GFP zig-zag pattern was not due to an affect on the activity of the arm promoter used to drive fz-GFP expression (Strutt, 2001) we examined Arm distribution in grh clones. No abnormalities in arm staining were associated with grh clones (Fig. 5 ). These observations show that grh mutations do not disrupt the expression of arm and that the cellular cortex is relatively normal in grh clone cells. We examined the distribution of the Stan, Dsh (not shown) and Vang proteins in wings bearing grh clones by immunostaining (Figs. 5 and 6 ). The zig-zag pattern of staining for these proteins was also disrupted. In each of these cases the clone cells failed to accumulate these proteins at the apical cell periphery. Since these proteins are all required for the assymetric accumulation of the others the these results were not surprising. The effects of mutations in fz, stan, dsh and Vang on wing cells are not equivalent however. It has been noted previously that mutations in stan result in a failure of apical accumulation of Fz, Dsh and Vang while mutations in dsh only block the polarized accumulation and not the apical localization (Bastock et al., 2003) . Our observations show that grh appears to be similar to stan in the wing.
The loss of Stan protein at the apical periphery did not result in an increase in Stan elsewhere in the cell. In wild type wing cells in addition to the peripheral apical assymetric staining we also found strong Stan staining more basally (Fig. 6D -F) . This strong staining was highly punctate. Interestingly, the level of basal staining was also strongly reduced in grh clone cells (Fig. 6D -F) . In favorable preparations we could unambigously identify the grh mutant cells, the parental heterozygous cells and the grh þ /grh þ twin spot cells based on their level of GFP expression ( Fig. 6A -F) . When we measured the intensity of The cells in this wing are also expressing Stan due to being actin-Gal4/UAS-stan. We estimate the level of Stan protein is overexpressed about 10 fold in these cells compared to wild type. A lower concentration of Anti-Stan (Fmi) antibody was used in these later two experiments.
Stan staining we found that not only was the level of staining greatly reduced in grh mutant cells but that it was increased in twin spot cells that had two doses of the grh þ gene. This was routinely seen in the region of basal staining (Fig. 6D -F ) and in favorable preparations in the apical region as well (Fig. 6A -C) . Thus, Stan level in pupal wing cells appeared to be directly related to grh dose suggesting that grh directly regulates stan expression. To determine if this was related to the disruption of the asymmetric accumulation of Stan we examined grh clones in third instar wing discs prior to the asymmetric accumulation of Stan. Once again we found sharply decreased levels of Stan in grh clones and increased levels of Stan in the twin spot cells that contained two doses of grh ( Fig. 6G -I ). The range of increases seen in these cells (and in the pupal wing experiments) ranged from 1.4 to 2.3 fold. The strong reduction in Stan protein levels in grh clone cells could be due either to a reduction in stan expression or to a reduction in the stability of the Stan protein. Since Grh encodes a transcription factor we suspected that the transcription of the endogenous stan gene could be reduced in grh cells. To test this hypothesis we induced grh clones in wing cells where Gal4 directed stan expression from a UAS transgene. Our assumption was that the expression of UAS transgenes would not be altered by a lack of grh function. We saw no evidence of altered Stan immunostaining in either MS1096-Gal4 UAS-flp; grh/grh; UAS-stan pupal wing (Fig 6J -L) or whsflp; grh/grh; UAS-stan/act-Gal4 wing disc cells (Fig 6M -O) . We conclude that grh acts through the endogenous stan gene to promote its expression. An examination of the adult wings of such flies showed that the overexpression of stan did not block the distinctive multiple hair cell phenotype of grh.
Discussion
The Grainy head transcription factor
In this paper we have shown that grh function is required for several different processes during the differentiation of the adult Drosophila epidermis (Fig. 7) . These include the function of the fz dependent tissue polarity pathway, pigmentation, the timing of differentiation, epidermal hair morphogenesis and wing vein/blade specification. The Grh protein was originally isolated by virtue of its ability to bind to DNA in a sequence specific manner and to regulate the expression of target genes (Bray et al., 1989; Dynlacht et al., 1989) . These and later experiments led to the conclusion that grh functioned as a transcription factor for development specific gene regulation (Attardi and Tjian, 1993; Bray et al., 1989; Bray and Kafatos, 1991; Huang et al., 1995; Liaw et al., 1995; Uv et al., 1994) . Experiments on vertebrate homologs of grh also suggest a similar cellular function (Lim et al., 1992; Tuckfield et al., 2002) . It is likely that it serves a similar function in the development of the adult epidermis.
The analysis of grh function in regulating gene expression appears complex. The first studies on grh argued that it acted as a positive regulator of Ddc and Ubx expression (Bray et al., 1989; Dynlacht et al., 1989) . Curiously, although Grh was isolated by virtue of its ability to bind to a sequence essential for the neuronal activation of Ddc, grh mutations alter the epidermal and not neuronal expression of Ddc (Bray and Kafatos, 1991) . More recently it was found that grh positively regulates tll expression and negatively regulates ventral dpp expression .
fz pathway and the regulation of gene expression
Most signaling/signal transduction pathways function, at least in part, by regulating gene expression. The fz pathway has been found to regulate the expression of Dl in the eye and it has been suggested that this is how the pathway specifies R3 vs R4 cell fate (Cooper and Bray, 1999; Fanto and Mlodzik, 1999) (but see for an alternative view). More recently it has been found that mutations in the fly atrophin gene cause tissue polarity phenotypes in the wing and eye (Fanto et al., 2003; Zhang et al., 2002) . Atrophin is thought to function as a transcriptional co-repressor and Atrophin mutant cells show a disruption of the normal pattern of expression of the R4 specific marker md0:5 (Fanto et al., 2003) . In this paper we found that the function of the grh transcription factor is required for the function of the fz pathway in the wing. In the absence of grh function the Fz, Dsh and Vang proteins fail to accumulate apically and the levels of the Stan protein are dramatically decreased. Furthermore, Stan levels are increased in cells with two versus one copy of grh. Thus, stan expression is directly related to grh dose suggesting that stan might be a direct target of Grh. The direct relationship between stan expression and grh dose is seen in both pupal wing cells where Stan is localized assymetrically and in third instar wing disc cells where it is evenly distributed. Thus, we concluded that the decreased levels of Stan protein in grh cells is not due to a failure of assymetric localization. We further found that only stan expression from the endogenous stan gene is altered, Fig. 7 . Model for Grh action during wing development. The Grh transcription factor is proposed to activate the transcription of genes important for hair initiation and morphogenesis, to activate the transcription of Ddc and other genes invovled in pigmentation, to activate the transcription of stan and to repress genes that induce vein formation. consistent with Grh having an important role in promoting stan transcription. We suspect that this could be due to a direct interaction of Grh protein with stan genomic DNA. As noted in the methods we did not identify stan as being highly enriched in putative Grh binding sites but this may be a reflection of the variability in identified Grh binding sites not providing an ideal consensus site. We also concluded that the decreased level of Stan protein is neither the cause or effect of the the delay in hair morphogenesis in grh cells. Thus far, all of the proteins that localize assymetrically are co-required for the asymmetric localization of the others, however only Stan is required for the apical accumulation of all of the other proteins (Bastock et al., 2003) . The alterations in tissue polarity protein localization seen in grh mutant cells could be explained entirely by the effect of grh on Stan expression. It remains possible however, that grh could be important for the expression of several or all members of the tissue polarity group (e.g. see below). Our experiments did not allow us to assess possible changes in Fz or Vang levels due to altered expression of these genes as we examined the localization of proteins produced from transgenes that did not utilize the normal promoters. We did not see decreased levels of Dsh by antibody staining, however the staining background was relatively high in these experiments which could have hidden a modest effect on Dsh levels. Our finding that Arm cortical localization is not altered in grh clone cells indicates that apical-basal polarity is not altered and suggests that gross cellular physiology is not altered in grh clones.
While it is possible that the grh mutant planar polarity phenotype could be due soley to a lack of stan expression in grh mutant cells, we suspect that is not the case as there are a number of differences between the phenotypes of grh and stan clones. For example, the multiple hair phenotype of grh is much stronger than stan. There is also a difference in the non-autonomy of grh and stan clones. For mutations in both of these genes the domineering nonautonomy of clones is much weaker than that of fz or Vang (Adler et al., 2000a; Chae et al., 1999) . However, the weak domineering nonautonomy is seen much more frequently with grh than stan clones, suggesting that grh mutations alter the expression of additional tissue polarity genes or other cellular genes that interact with the planar polarity system. Genetic screens for enhancers or suppressors of the dominant negative grh FK2131 allele could be useful in identifying such genes.
The basis for the domineering nonautonomy of tissue polarity mutations remains a debated issue Tree et al., 2002) . Mutations in all of these genes result in the lack of assymetric accumulation of all of the other proteins, however, there are large quantitative differences in their ability to affect the polarity of neighboring cells. One hypothesis is that the two phenomena are not directly related . However, the protein accumulation phenotypes of mutations in different genes are not equivalent and it has been proposed that the propagation of the polarized accumulation of the tissue polarity proteins by a feedback loop is the cause of the domineering nonautonomy (Tree et al., 2002) .
3.3. Grh has multiple functions in wing development grh has both fz pathway dependent and independent functions during wing development (Fig. 7) . Epistasis experiments showed that the ectopic wing vein, cuticle pigmentation, disturbed marginal bristle row and extreme multiple hair cell phenotypes of grh mutations are not altered in a null fz, in or mwh mutants. Thus, it is quite likely that some of the target genes whose transcription is altered by grh mutations are not part of the fz pathway.
We found that grh cells are often dramatically delayed in hair morphogenesis. This is not seen in cells mutant for fz or stan and hence is unlikely to be an indirect consequence of a failure of stan expression or in the inactivation of the frizzled pathway. The time course of pupal development is controlled by ecdysone and it is possible that grh functions as part of the ecdysone cascade. The delay in hair morphogenesis could be due to a failure to induce the expression of genes such as kojak, where a loss of function results in a similar delay (He and Adler, 2002b) .
The grh multiple hair cell phenotype differs from that of downstream members of the fz pathway such as inturned (Lee and Adler, 2002) , in not showing the typical fz/in abnormal polarity pattern and in the hairs being much more erect. The identity of the targets responsible for this phenotype are unkown. The grh hair phenotype is somewhat reminiscent of that seen with mutations in genes such as Rho kinase (Winter et al., 2001) or crinkled (myosin VII) Kiehart et al., 1999; Turner and Adler, 1998) suggesting these or related genes as possible targets.
The transcription of the Ddc gene has previously been shown to be regulated by grh and Ddc activity is required for melanization (Bray and Kafatos, 1991; Wright, 1996) . Is ddc likely to be the target gene whose altered expression leads to the lowered pigmentation of grh clone cells? This is certainly possible but it seems unlikely to be the entire story. Ddcts2 flies raised at the restrictive condition have more profound pigmentation defects than grh clones (PNA unpublished). However, clones of ddc null alleles typically have a less severe pigmentation phenotype than grh clones due to partial rescue of the pigmentation phenotype by neighboring cells (i.e. ddc displays submissive cell nonautonomy). Based on these observations we argue that grh must have other targets that contribute to the decreased pigmentation.
The data reported in this paper argue that grh has multiple functions during the development of the adult epidermis. In this context it is not clear to what extent grh functions in a permissive fashion to promote the expression of developmentally important genes and/or to promote changes in gene expression that are associated with the differentiation of the adult cuticle. Our data are consistent with grh functioning in both ways. The requirement for grh for the expression of stan was seen at multiple stages consistent with grh having a permissive role. The effects on the timing of hair morphogenesis are consistent with, but do not demand an instructive role.
Experimental procedures
Fly stocks and culture
Alleles of grh, dsh, mwh, FRT/FLP, GFP expressing and Deficency carrying chromosomes were obtained from the Drosophila Stock Center in Bloomington. A FRT42 pwn chromosome was kindly provided by D. Gubb. It was used to construct the FRT42 pwn grh chromosome. The fz, Vang, in and stan alleles were isolated in this lab. These alleles are described in Flybase. The arm < fz-GFP and act < Vang/stbm-YFP stocks were generously provided by D.Strutt (Bastock et al., 2003; Strutt, 2001) . The Stan/Fmi and Dsh antibodies were generously provided by T.Uemura (Shimada et al., 2001) . The Vang gene is also known as strabismus (Taylor et al., 1998; Wolff and Rubin, 1998) and starry night as flamingo (Chae et al., 1999; Usui et al., 1999) . In line with Flybase usage we use the names Vang and stan.
At the time we identified l(2)06850 as being responsible for the wing hair phenotype the BDGP had not determined that the P insertion resulted in a grh mutation. We independently determined this by sequencing of flanking DNA. Unless noted othewise the reported experiments utilized the amorphic grh IM allele. In most cases equivalent experiments were also done with the P insertion allele grh 06850 .
As described in the results we examined many genotypes for an interaction with a weak dominant negative allele of grh (grh FK2131 ). Among the geneotypes that did not show a clear cut interaction with (grh FK2131 ) were: 
Clonal analysis
Somatic clones were generated using the FRT/FLP system (Xu and Rubin, 1993) . Pupal wing clones were marked by the loss of GFP or the N-Myc epitope. Adult wing clones were marked by the hair markers pwn and koj. Immunostaining was done by standard techniques. Fluorescent secondary antibodies and fluorescent phalloidin for staining the actin cytoskeleton were obtained from Molecular Probes. Confocal images were obtained on a Nikon confocal microscope at the Keck Center for Cellular Imaging at the University of Virginia or on an Atto spinning disc confocal microscope attached to a Nikon TE200 microscope.
Analysis of images
Individual channels from color images were converted to grey scale using either Adobe Photoshop or the GIMP. Fluorescent intensity levels were measured on maximal projections of image stacks using ImageJ. To estimate the mean intensity levels for the central region of cells a circle that comprised approximately 80% of the cell diameter was measured on the maximal projection. To estimate the mean intensity of the cell edge a rectangle was used in a similar way.
Analysis of Grh binding sites
Binding sites for the Grh protein have been obtained for several different Drosophila genes (Ddc, Ubx, tll, dpp (Bray and Kafatos, 1991; Dynlacht et al., 1989; Hayashi et al., 1999; Huang et al., 1995; Liaw et al., 1995; Uv et al., 1994) . Substantial variation is present in these sites. We used the MEME program (GCG suite) to obtain consensus binding sites. We attempted to use the Fly Enhancer program (Markstein et al., 2002) to identify candidate target genes by the presence of clustered binding sites but were not succesful as judged by only identifying one of the known target genes (tll). We were able to detect potential binding sites in known targets such as ddc when a directed search of this region was carried out using the Comet program (Frith et al., 2002) . We did not pick out any known tissue polarity genes among the collection of genes with the putative strongest clustered binding sites. Once again we were able to detect potential binding sites in a directed search of stan, dsh and fz.
Several known genes were identified as candidate grh targets in our analysis. These included ovo, omb, sca, psq and vvl. We tested these for possible genetic interactions with grh using grh FK2131 . We found that grh enhanced the weak dominant wing notching phenotype of the hypomorphic omb allele associated with the omb-GAL4 enhancer trap (Lecuit et al., 1996) . Interactions were not seen with ovo, sca, vvl or psq.
